Social network analyses [1] [2] [3] [4] [5] and experimental studies of social learning [6] [7] [8] [9] [10] have each become important domains of animal behavior research in recent years yet have remained largely separate. Here we bring them together, providing the first demonstration of how social networks may shape the diffusion of socially learned foraging techniques [11] . One technique for opening an artificial fruit was seeded in the dominant male of a group of squirrel monkeys and an alternative technique in the dominant male of a second group. We show that the two techniques spread preferentially in the groups in which they were initially seeded and that this process was influenced by monkeys' association patterns. Eigenvector centrality predicted both the speed with which an individual would first succeed in opening the artificial fruit and the probability that they would acquire the cultural variant seeded in their group. These findings demonstrate a positive role of social networks in determining how a new foraging technique diffuses through a population.
Results
Social network analysis (SNA) should prove to be useful and powerful in the study of social learning. Social learning, and in particular observational learning, relies on close proximity between individuals. In turn, proximity patterns often reflect particular social relationships, hence predicting that social learning will depend on the pattern of relationships between individuals [11] . Accordingly, it has recently been proposed that the study of social learning should make use of SNA to quantify patterns of social interactions and/or proximity that are likely to lead to the transmission of newly learned behaviors [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Just three published studies so far have explored the expected utility of SNA to test the hypothesis that social learning of foraging techniques occurs according to patterns of association. To date, these studies failed to find evidence that association coefficients predict the spread of behavior [12, 21, 22] . However, as pointed out by Kendal et al. [21] , it is important to identify a social network appropriate to the task being studied. Here, for the first time, we monitored the copresence (the time dyads of monkeys spent together) near the foraging site to identify relevant social networks during a social learning experiment. We followed a standard ''open group diffusion'' procedure [23] , in which one individual of each of two groups, the model, was trained to open a ''pivotage'' artificial fruit using one of the two alternative techniques (see Figure 1 and Movie S1 available online). Once each model was trained, other individuals were given the opportunity to watch the model manipulating the pivotage and were then given access to it (see Supplemental Experimental Procedures for experimental details). We chose to train the alpha male of each group because alpha male squirrel monkeys typically monopolize feeding resources in the wild [25] , making them a focus of attention and therefore likely models for social learning of foraging behavior.
Among the various measures that can be used to quantify the position of an individual in a network, Eigenvector centrality (hereafter, EV-centrality) is of particular interest for social learning studies. The EV-centrality of an individual increases with the strength of its social connections and more so when these connections are established with central individuals (individuals who themselves have numerous and strong connections [26] ). EV-centrality therefore reflects the connections of the individual with the entire network, whereas other measures typically consider only local connections. Since a foraging innovation cannot arise in every individual's local network, it is individuals that are well connected to the whole network that are likely to learn the innovation earlier, if it diffuses through the group by observational learning. We therefore hypothesized that if the monkeys rely on observational learning, those with a high EV-centrality should tend to solve the task earlier and use the same technique as the model (see Supplemental Information for a discussion of the effect of different network measures). By contrast, if individuals do not rely on observational learning, their performance will more likely be linked to individual factors such as attention, motor control, or strength. Importantly, EV-centrality is independent of the total time spent in the experimental zone and does not simply reflect the total time spent observing the model (see Supplemental Experimental Procedures for full explanation of this consideration). Accordingly, we compared the effect of EVcentrality with that of age on the probability of monkeys being successful early in the experiment and of using a technique which matched that used by the original model. We used age as an indirect measure of nonsocial factors since age is linked to both cognitive and physical development and was not correlated with EV-centrality in our data (r s = 20.30, n = 15, p = 0.28, 95% CI = [20.76, 0.20] ).
Attention and Motivation Increases after Observation of a Model
We found that individuals tended not to pay attention to a potential source of food for long if they did not find a solution to access the food quickly. By contrast, during the open diffusion experiment, we found that a total of 15 individuals out of 22 (excluding models) were *Correspondence: aw2@st-andrews.ac.uk successful at opening the pivotage and 21 individuals managed to move the door at least once during the test sessions (see Table S1 ). When compared to the one individual out of five who was successful in the control condition, these results confirm that a basic effect of the model is to maintain the attention and motivation necessary to learn a technique to gain food (individuals in the test condition were more likely to move the door than individuals in the control condition; Fisher's Exact test, p = 0.0014).
Effect of Social Networks on the Spread of the Newly Introduced Technique
To analyze the factors influencing the potential spread of the alternative techniques in the two groups, we used a generalized estimating equation (GEE). Two different actions that lead to the same result are unlikely to be of precisely the same difficulty; there is nearly always one that is easier to learn or to perform than the other. As a result, the diffusion and stability of the newly introduced techniques may be different in the two groups. We therefore included the effect of a group identity variable (effectively indicating which technique was demonstrated) and its interaction with other variables (age and EV-centrality). Furthermore, because the influence of observation on learning should manifest early on, we used the first 30 successes of each individual (excluding models) in our analysis of technique choice. The number of successes matching the technique of the model compared to the total number of successes (up to a total of 30) was used as the dependent variable. The GEE included EV-centrality, age, and group identity as main factors and interactions between group identity and age, and group identity and EV-centrality. We also controlled for the possibility that the time spent in the experimental foraging zone and the time spent observing the model might influence the technique used by including these two variables successively in the model. We found no significant effect of the time spent in the experimental zone (Wald chi-square = 1.70, degrees of freedom [df] = 1, p = 0.19) or the time spent observing the model (Wald chi-square = 0.13, df = 1, p = 0.72), and inclusion of these variables had little impact on the estimated effect of EV-centrality. This shows that EV-centrality is directly responsible for the technique learned and both variables were accordingly removed from the final model.
Despite the fact that models performed both techniques in the first test sessions, and a majority of individuals discovered and used both techniques at some stage ( Figure 2 and Movie S1), we found strong evidence of a difference in the technique that the two groups used (Wald chi-square = 8.23, df = 1, p = 0.004; Figure 3 ). This shows that squirrel monkeys were more likely to learn the technique that was first introduced and performed by the model and therefore that they learned the techniques of their successful group mates.
We also found a group by EV-centrality interaction (Wald chisquare = 5.27, df = 1, p = 0.022). In the West group, more central individuals were more likely to be successful using the action used by the model, an effect we did not find in the East group (West group: Wald chi-square = 4.97, df = 1, p = 0.026; East group: Wald chi-square = 0.72, df = 1, p = 0.40). In the West group, by back-transforming the log odds ratio, we found that there was a 14.1% increase in the odds of using the model's technique for every 1% increase in EV-centrality (EV-centrality varied between 2% and 43% in the West group). By contrast, the effects of age (Wald chi-square = 0.002, df = 1, p = 0.96) and of the interaction between group identity and age (Wald chi-square = 0.085, df = 1, p = 0.77) were small and nonsignificant, so these were removed from the final model. Furthermore, we found that across both groups, EV-centrality was strongly negatively correlated with the session in which individuals first The artificial fruit could be opened in two ways, using either ''lift'' (top) or ''pivot'' (bottom). The door was held shut by a small magnet that prevented it from accidentally opening. Once the door was opened, monkeys could reach in and retrieve a reward from a small platform. To mimic natural conditions in which the food could be hidden from view (insects consumed by squirrel monkeys are often cryptic, for instance, see [24] ), the door and the food container were opaque, so the food was not visible unless the door was opened.
Progressive Erosion of the Difference between Groups
As in many previous studies [e.g., 10, 27, 28], the preference for the model's technique did not prevent a progressive erosion of the difference in the techniques exhibited in the two groups (Figure 4) . To analyze the change in behavior across time, we used a GEE in which, as previously, the dependent variable was the number of successes matching the modeled technique compared to the total number of successes (up to 30). The subject variable was the individual monkey (excluding models), and a session by group (East or West) interaction defined the within subject variable.
For the West group, there was strong evidence that the preference for the model's option decreased over time (Wald test: 
. Experimental Sociograms for the Two Groups
Sociograms of East group (top) and West group (bottom). Link size is proportional to bond strength. Node size is proportional to the Eigenvector centrality. Node color indicates the actions performed by each monkey: the pie chart represents the proportion of successful lifts (blue) and pivots (red) for a maximum of 30 successes; a black circle represents individuals who never opened the pivotage successfully.
Discussion
Our results provide evidence of social learning in common squirrel monkeys [see also 29] . Naive, control individuals showed initial interest in the novel pivotage, but this interest soon eroded when they failed to open it. In contrast, once they watched a proficient model retrieve reward(s), the majority of individuals learned to solve the task. The actions of a single successful individual are thus sufficient to maintain interest from most naive individuals and facilitate their learning. It is unclear if the status of the initial model within the social network is important because this was not a variable we could manipulate: indeed this question is challenging to study experimentally because it requires multiple tests with different models [see 30 for a study with multiple models].
Individuals in each group were more likely to use the technique used by their model than individuals in the other group, confirming that techniques diffused through social learning. This finding adds to a recently growing literature that has provided evidence for the spread through social learning of foraging techniques [6, 8, 9, 23, 29, [31] [32] [33] [34] [35] [36] . Social learning may be of particular significance to squirrel monkeys in the wild because their diet includes prey such as Lepidopterans and Orthopterans, which are typically cryptic and sometimes toxic [24, 25] , so that social learning about foraging is likely to be highly adaptive.
The group differences in the technique preferred imply a social learning process that goes beyond the local enhancement effect that may account for the difference between baseline control monkeys and those who observed a model, since the alternative techniques were both performed at the same location. Candidate processes would include imitation (copying monkeys' lifting versus pivoting actions) or emulation (reproducing lifting versus pivoting movements of the door) but our experiment was not designed to discriminate between these (see [29] for a recent experiment designed to make such a distinction in Bolivian squirrel monkeys).
Of more general significance in our study is the demonstration that social factors, captured here by the EV-centrality of individuals in their social network, mattered more than nonsocial factors, represented by age, in determining how quickly individuals solved the task and whether they used the same technique as the model. It is important to distinguish between two different goals that one might have when identifying social networks to understand social learning. The first, our primary objective here, involves testing whether close proximity has an effect on learning, and thus whether there is evidence for social transmission in a group context. The fact that we found an effect of EV-centrality on technique acquisition shows that close proximity can predict learning. A second objective would be to identify which relationships can predict the observation of other individuals. We did not directly address this question, but we note that individuals from the same matriline had higher association coefficients than nonmatriline members in our networks (matriline pairs, n = 16, median = 0.16, SE = 0.04; nonmatriline pairs, n = 79, median = 0.03, SE = 0.01; Mann-Whitney U = 1,078.5, n = 95, p = 7.008 3 10 26 ; unknown pairs, n = 15). This shows that maternal relatedness between individuals affected their participation in the task and their EV-centrality. Furthermore, although EV-centrality is a summary measure that is based on association coefficients between pairs of individuals, we find that it accurately predicts social learning. In less controlled environments, such as an open diffusion context or in the wild, SNA and its associated network statistics thus represent useful alternatives to the detailed modeling of each individual's behavior.
More central individuals could access the pivotage in the presence of various others, independently from the total time spent in the experiment. They thus had more opportunities to witness already successful individuals and to learn from them, indirectly acting as models to others as a result. To the best of our knowledge, this is the first experiment showing that the social network can predict both the speed of acquisition of an action and the probability of using the technique witnessed the most. This is important because despite the fact that the strength of association between two individuals could be expected to influence their probability of learning from each other, previous studies have not confirmed this relationship [12, 21, 22] . A possible explanation for the difference between the findings of this study and previous ones is the origin of the association matrices. Here, we used the copresence of individuals in proximity to the artificial fruit as the source of our association coefficients, rather than a measure independent of the foraging context (such as grooming or other affiliative behaviors as are typically measured in nonforaging contexts; with the exception of [18] ).
The group differences our experiment created progressively disappeared through time. This erosion of differences might be due to limited fidelity of social transmission and/or individuals being progressively more likely to change their technique as they become more expert at the task and explore it further. Indeed, even the trained models discovered and began to evidence both techniques during the early test trials. Both factors are likely to be important but other analyses, perhaps fitting models representing different individual and social learning strategies, will be required to disentangle such potential effects.
The progressive erosion of group difference also speaks to the more general issue of the role of social learning in explaining cultural stability. Social learning is widespread among animals [37, 38] but there are important differences in the extent to which different species develop stable group-specific behaviors [6, 7] . This suggests that although social learning is necessary for culture, it will not in itself necessarily sustain stable, between-group diversity in behavior. In the present experiment, for instance, the squirrel monkeys relied on social learning to solve the task and acquire a particular technique but this did not lead to stable group differences in behavior. To achieve a better understanding of the origin of culture, we therefore need a deeper analysis of the factors responsible not only for the spread but also for the stability of behaviors among groups of individuals over time [27, 39] .
Conclusion
Our results indicate that EV-centrality, but not age, plays an essential role in the spread of new foraging techniques by affecting both the speed of learning and the technique learned.
The study of social learning should therefore make use of SNA to quantify patterns of social interactions and/or proximity that are likely to lead to the transmission of newly learned The probability of performing lift was higher in the East group (with a lift model) than in the West group (with a pivot model), as predicted by the social learning hypothesis. On the y axis is the probability of performing lift (blue) over the alternative pivot (red) technique. The values reported are the estimated means and 95% confidence intervals (CIs) of the mean from the GEE model described in the text. behaviors. However, our results also highlight the importance of choosing a measure of association linked to the task being studied rather than obtained in a different context when studying social learning.
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